Summary
The Web has made it possible to harness human cognition en masse to achieve new capabilities. Some of these successes are well known; for example Wikipedia has become the go-to place for basic information on all things; Duolingo engages millions of people in real-life translation of text, while simultaneously teaching them to speak foreign languages; and fold.it has enabled public-driven scientific discoveries by recasting complex biomedical challenges into popular online puzzle games. These and other early successes hint at the tremendous potential for future crowd-powered capabilities for the benefit of health, education, science, and society. In the process, a new field called Human Computation has emerged to better understand, replicate, and improve upon these successes through scientific research.
Human Computation refers to the science that underlies online crowd-powered systems and was the topic of a recent visioning activity in which a representative cross-section of researchers, industry practitioners, visionaries, funding agency representatives, and policy makers came together to understand what makes crowd-powered systems successful. Teams of experts considered past, present, and future human computation systems to explore which kinds of crowd-powered systems have the greatest potential for societal impact and which kinds of research will best enable the efficient development of new crowd-powered systems to achieve this impact. In this report, we summarize the products and findings of those activities.
The unconventional process and activities employed by the workshop were informed by human computation research and are described in the Appendix.
Humans and Machines Participating in the Same System
Solving today's most challenging and complex problems requires an ability to build consensus around common goals and gather, process, and act on information at massive scales with increasing efficiency. We do not know how to create machines with the critical cognitive abilities required for solving important human-centered problems. But what if we could engineer systems that combine the respective strengths of machines and humans toward new capabilities?
Human Computation is an emerging field that considers the design and analysis of information processing systems in which humans participate as computational agents [1] . A multidisciplinary community of academics, visionaries, private industry researchers, and federal program officers, met to explore the transformative potential of directly employing human cognition within larger computational systems. During a three-day workshop held in June 2014, we explored the full landscape of human computation. We considered stakeholders and goals, examined historical successes, designed promising new systems, and ultimately sought to identify high-impact research strategies for achieving near-term societal benefits.
Impact of Human Computation
We found that human computation methods have stimulated the economy via an online workforce ecosystem [2] , which includes crowdsourced labor markets [3] , contributive vocational training [4] , innovation crowdfunding [5] , and microlending to third-world entrepreneurs [6] . Human computation also has been used to support important behavioral change (e.g., to encourage health-related behaviors) via social networks [7] [8], accelerate research [9] , educate the public [10] through citizen science, enable new modes of civic engagement [11] through democratic processes, and reduce geopolitical conflict [12] through participatory gaming. It has been used to crowdsource the world's most comprehensive encyclopedia via massively distributed contributions and sharing of knowledge. And when extended into the physical world via participatory sensing (i.e., geographically distributed data acquisition and sharing using mobile devices or sensors) and coordinated action, human computation methods have been employed to save lives by amplifying situational awareness and coordinating rescue actions for crisis relief [13] . Furthermore, emergent human computation has been used to improve real-time epidemiology via predictive analytics and to reliably anticipate world events via social informatics [14] .
A Success Case
Notable successes, such as the fold.it project (see Figure 1) , have demonstrated dramatic results [15] using even simple human computation project designs. Fold.it is an online puzzle game that has enticed thousands of Internet participants to contribute their mental energies to folding virtual proteins. Recasting a biomedical research activity into a game that doesn't require specialized medical knowledge enabled thousands of volunteers to solve a problem and helped researchers better understand protein structures. In only a few weeks' time, it gave rise to the discovery of the tertiary structure of a regulatory protein for the pro-simian immunodeficiency virus (SIV), which previously eluded the research community for decades [16] , and now may lead to new medications to treat the AIDS virus. At the time of this writing, fold.it is generating promising molecular topologies that could lead to treatment targets for the Ebola virus [17] .
Toward Repeatability
Efforts to replicate such successes have led to mixed results. This stems from the difficulty of ascertaining the precise, complex, and multidisciplinary combination of ingredients necessary for effective sustainable human computation. In traditional computer science, machinebased systems tend to exhibit predictable behavior such that machine errors can almost always be traced to faulty instructions. Indeed, a mature body of theoretical and applied methods exists today as a result of decades of funded research to support the development of such deterministic systems. Due to the vagaries of human behavior, however, these traditional methodologies are inadequate for human computation [18] , which suggests the need for a new approach. The next section describes results from a set of ideation exercises to help inform new classes of methods better suited to systems with humans in the loop. 
New Project Ideas
In order to explore in depth the unique set of considerations that arise in human computation, we formed multidisciplinary breakout teams to develop new human computation project ideas. In addition to suggesting promising new potential capabilities, this exercise helped reveal risks and opportunities specific to this field and illuminated critical research areas that will be instrumental in advancing the field. Six projects are described below. When setting up the breakout groups, the organizers gave permission for one group to "do evil", that is, to formulate ways that human computation systems could be manipulated to yield outcomes that are socially undesirable. This is the last project idea described on page 10.
Project Houston
On April 14, 1970, 56 hours into its space mission to the moon, Apollo 13 transmitted, "Houston, we've had a problem." What followed was a calmly heroic effort of remote engineering that led to a safe return. Imagine if we all could call on a calm, competent voice when we really needed help. We envision this resource as Project Houston, a mixed computer/human-computation service for distressed people. Overwhelming situations cause enormous societal and economic costs: violence, suicide attempts, hunger, lack of transport, homelessness, failure to access care, and job loss. When unaddressed, these problems tend to intensify, piling misery upon misery. They especially touch those least equipped to solve their problems including: the elderly infirm, people with mental illnesses, the isolated, ex-prisoners and youth. Individuals do not always have the appropriate expertise to address these problems but could benefit from access to the expertise of others. For example, the Apollo 13 mission landed successfully because they were able to access remote expertise in Houston and used their knowledge to redesign the spacecraft's carbon dioxide scrubbers.
Specialist social-work and mental-health workers have neither the numbers nor the 24-hour availability needed to aid people in distress before problems get worse.
Project Houston would address these issues by using can have a transformative impact on the future of work and education.
Optimizing Effective Utilization of Social Services
On average, the poorest 20% of American families earn only $7,600 before taxes -approximately half of the federal poverty line for a 2-person household [19] . 
Predicting Technology Trends
New technology is often a disruptive economic force, because it is hard to understand and can be enormously hyped. The resultant market volatility creates great At the end of the rainy season, the player who earned the most points within each community exchanges them for a prize -something of monetary value (cash, mobile phone credit, etc. This network could consist of gullible people (a.k.a.
"suckers") inclined to believe the planted information, people inclined to cause trouble ("griefers") and computerized agents ("sociopathic bots"). 
Funding Environment
Despite these improvements in scientific communication,
there is a paucity of U.S. federal funding for human computation research. The few counterexamples to this (e.g., the Cyber-Human Systems and Cyberlearning programs at the National Science Foundation) are notable for their pioneering vision. Furthermore, human computation, which often lies near the conceptual 
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National Initiative
We believe that the rapid advancement of this field toward repeatable and sustainable success models requires a concerted effort by policy-makers, federal funding agencies, multidisciplinary research institutions, private industry, and the public (via direct participation). Only through the collective action of these organizations and entities can we hope to endow human computation with the full apparatus of scientific inquiry and methodological maturity necessary to conscientiously [25] leverage the full transformative power of this new technology. 
Solution Concept Development
Day 2 began with a risk analysis exercise aimed at revealing the worst case scenarios associated with human computation system development. This was intended to bring awareness to the importance of incorporating risk analysis into emerging solution concepts. Next, participants were invited to aggregate around solutions of interest to form solution concept development teams. Eight solution teams self-organized to flesh out their human computation ideas (see Figure   14 and Figure 15 ) and prepared to present those ideas in the session that followed.
In the afternoon session, teams presented their concepts ( Figure 16 
Success Cases and Solution Refinement
Kalil's feedback suggested a deviation from the original plan for Day 3 activities. Originally, the third day of the workshop had been designated for integrating the new solution concepts into a single coalescent research roadmap for human computation. Instead, we responded to Kalil's feedback by using Day 3 to further refine the solution concepts and relegate the roadmap integration to post-workshop activities that would be left to the organizers. This detour is depicted in Figure 18 .
Additionally, a decision was made to develop roadmap diagrams for recent human computation success cases 
UR
Pablo Suarez kicked off Day 3 with a fast-paced participatory game called "Snap!", which might be described as an offline, concept-based implementation of the "ESP game" [26] , designed to achieve some measure of descriptiveness and consensus around the term "Human Computation". The results of this exercise are presented in Figure 21 as a word cloud. Once the roadmap diagrams were produced for both historical success cases and the workshop-generated ideas (e.g., Figure 22) , the workshop concluded. The success cases and new ideas that were selected and diagrammed in Day 3 are visually summarized in Figure   23 . However, the new project ideas are detailed in the body of this report. 
